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Abstract 
Vitrification is one of the recommended immobilization routes for nuclear waste, and is currently implemented on an industrial 
scale in several countries, notably for high-level waste. To optimize and extend the scope of nuclear waste vitrification, research 
is being conducted to specify suitable glass formulations and develop more effective processes. Vitrified nuclear waste often 
contains several multivalent species whose oxidation state can impact the properties of the melt and of the final glass. The redox 
control of nuclear glass is often advantageous: in many case it could improve the glass melting and increase the amount of waste 
in the final glass. In the glassmaking industry, the oxidation state of glass is optimized in order to improve the glass properties, 
notably refinement and colour. In this case the aimed redox state is obtained by the appropriate choice of raw materials. Redox 
control of nuclear glass is more complex because several redox species are contained in this glass. Furthermore, raw materials are 
partly driven by the chemical and physical properties of the waste that must be vitrified and specific constraints due to the active 
process. Different techniques of glass redox control developed for nuclear waste vitrification are reviewed. 
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1. Introduction 
Today, nuclear waste containment in optimized glass is a well-recognized solution considering the advantages it 
offers. Nuclear waste vitrification has been implemented on an industrial scale in France for more than 30 years. It is 
primarily used for containment of fission products that correspond to the category of nuclear wastes with the highest 
level of 
 radioactivity. This solution is also employed by other countries which produce nuclear energy. Waste 
vitrification can guarantee a long term durability of the containment and drastically reduces the volume of the final 
waste in comparison with the option of non-reprocessing of spent fuels. 
Waste vitrification is a constant subject of research intended to extend the range of waste consistent with 
vitrification in industrial performing processes. The innovations developed in this context concern vitrification 
technology and glass formulation. The innovations on glass formulations take into account the evolution of waste 
compositions and new types of waste for which vitrification has not been already considered. They also contribute to 
improving the performance of industrial processes. 
Optimization of glass formulation obviously concerns the glass composition but also other parameters such as the 
physical form of additives, the melting temperature…The redox state of multivalent elements incorporated in the 
glass is one of these parameters. Thus redox control of multivalent elements in nuclear glass can also be one of these 
innovations. 
The glass-making industry has developed methods to control the redox state of their glass in order to optimize its 
colour or to remove bubbles from the glass melt as explained by Muller-Simon et al. (1991). However, these 
methods are not directly applicable to nuclear waste vitrification because process constraints are different and redox 
couples in the glass are far more numerous in nuclear than in classic industrial glass. Using examples, the following 
presentation explains the techniques developed or under development in order to control redox of nuclear glass. 
2. Interest for redox control of nuclear glass 
Nuclear waste containment glass currently produced on an industrial scale is the result of formulation studies that 
optimize its composition. Even the melting temperature can be optimized if it is not imposed by process or glass 
composition. These optimisations on composition and temperature aim to obtain a glass formulation such as: 
- the volume of waste is decreased, 
- the melting conditions are compatible with available industrial processes, 
- long term behaviour of containment glass is optimized (in terms of chemical durability, stability under 
radiation...). 
The composition of glass containing radioactive wastes is often silicate or borosilicate. Many elements contained 
in this glass can exist into different redox states: Ce4+/Ce3+, Ru4+/Ru0, Fe3+/Fe2+/Fe0, Zn2+/Zn0, Cd2+/Cd0, 
Cr6+/Cr3+/Cr2+/Cr0, S+6/S+4/S0/S-2, Ni2+/Ni0, Mn3+/Mn2+/Mn0, Mo6+/Mo5+/Mo4+/Mo3+/Mo0… These multivalent 
elements essentially come from the waste but they can also be included in additives. The redox states of these 
elements are determining in several ways as explained by Pinet et al. (2005): 
- the solubility in glass of several elements usually contained in radioactive waste such as cerium, molybdenum 
and chromium depends on their redox state, 
- corrosion of the inner furnace wall material can differ according to the redox state of glass melt, 
- foaming phenomena in glass melt are often linked to its redox state, 
- formation and sedimentation of metallic particles with negative effects on the process behaviour are linked to 
an over-reduced glass melt, 
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- physical properties of glass such as electrical conductivity, viscosity and thermal conductivity can also be 
affected by redox. 
3. General parameters affecting redox state of glasses
Pinet et al. (2006) showed that the parameters affecting the ratio between the concentrations of the reduced and the 
oxidized elements of a redox couple M(m-n)+/Mm+ can be identified by equalizing the potentials of the two redox 
equations for the Mm+/M(m-n)+ and O2/O2– couples. The role of the solvent, and in particular of the O2– ions in the redox 
equilibrium, can be better illustrated by writing the redox equation for the Mm+/M(m-n)+ couple, for which the standard 
oxidation-reduction potential is E0M, as follows: 
MOx(2x-m)– + ne– ←→ MOy(2y-m+n)– + (x–y)O2–                            E0M (1)
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where  
fO2 is the oxygen fugacity in the glass and a(O2–) is the activity of the O2– ions in the glass.  
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γ MOx x m( )2 − − is the activity coefficient of MOx(2x–m)– ion in the glass, and γ MOy y m n( )2 − + − is the activity 
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From Equation (1), the major factors affecting the redox state are as follows: 
• Oxygen fugacity fO2. Increasing fO2 results in greater oxidation of the polyvalent elements in the glass. Equation (2) 
clearly shows a first-order linear relation with a slope of n/4 between log(fO2) and log([Red]/[Ox]); this relation was 
also often observed experimentally by Schreiber et al. (1987). The oxygen fugacity is measured in the molten glass 
using electrochemical methods previously described by Baucke (1991) et Claes et al. (1985). The measurement is 
based upon the potential difference between an iridium working electrode and a zirconia reference electrode 
immersed in a glass melt which is given by the following relation: ( )( ) ¸¸¹
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, where Tglass is the 
glass melt temperature, R is the molar gas constant, F is the faraday constant, f(O2) is the oxygen fugacity in the 
glass melt and P(O2) is the oxygen partial pressure in the zirconia reference electrode. 
• Temperature T. The influence of the temperature on the redox state is not clear from Eqn(3). It has been noted 
experimentally that higher temperatures are conducive to reduced states. From a theoretical standpoint, the sign of 
the standard enthalpy of the oxidation reactions (ΔH0 < 0) on the Ellingham diagram indicates that the oxidation 
reactions are exothermic. The Van’t Hoff law relative to the temperature effect on the direction of an exothermic 
reaction confirms the observed experimental results, i.e. that the redox equilibria are shifted toward the reduced 
species at higher temperatures. 
127 Olivier Pinet et al. /  Procedia Materials Science  7 ( 2014 )  124 – 130 
• Glass basicity a(O2–). The effect of the glass basicity on the oxidation state of its constituents depends theoretically 
on the sign of the (y-x+n/2) term, which in turn depends on the environment of each of the two elements of the 
redox couple. From a practical standpoint, Schreiber et al. (1987) indicate for all redox couples, with the possible 
exception of Cu2+/Cu+, that an increase in the basicity favours the oxidized states. It is difficult to measure the O2–
ion activity. Different techniques have been proposed as electrochemical measurements by Abdelouhab et al. 
(2008). Glass basicity depends first on its composition, and Duffy et al. (1976) and Baucke et al. (1994) propose 
that it can be characterized by its optical basicity, Λ. Different works as Duffy (1996) and Pinet et al. (2006) 
highlight linear relations between glass basicity, Λ, and log([Red]/[Ox]). 
• Melt composition. In addition to its influence on the basicity, the composition no doubt also affects the activity 
coefficient ratio. 
4. Review of main techniques available to control redox state of nuclear glass 
Glass redox control in the glassmaking industry is achieved using techniques adapted empirically to each furnace. 
In many vitrification implemented processes, redox of glass is governed by supplying the raw materials in their 
oxidized or reduced forms on the glass melt surface in order to obtain the aimed redox state of the glass. The final 
glass redox results from the combination of the heating system of the furnace, coke addition, gas bubbling and raw 
materials. In these cases, controls can be performed after production; this permits a certain feedback in the 
management of the process.   
In the case of nuclear waste vitrification, specific constraints need to be considered. Consequently, appropriate redox 
control techniques need to be developed. In this regard, the following specific criteria can be mentioned: 
: 
- limited additional uncertainties about glass redox and composition are expected, 
- glass quality requirements must be fulfilled. 
- reliable techniques are sought because no feedback is expected , 
- soft reducing or oxidizing agent is preferred to minimize exothermic reactions and 
target a more precise value of oxygen fugacity,            
- reducing or oxidizing agents compatible with glass specification are preferred 
because limited additional uncertainties about glass composition are expected. 
To meet this objective, preliminary stages to vitrification can be implemented: the oxidation of chemical 
elements of the waste can be performed by combustion or calcination for example. The main drawback of this 
technique is the addition of a stage in the process. Nevertheless, it is often a necessary but relevant solution to 
oxidize reducing wastes as organic waste. As for example, to achieve this objective, a new and simplified 
equipment, using thermal oxygen plasma coupled with a cold crucible melter, is being developed at the Valrho-
Marcoule nuclear center (France): SHIVA, for Advanced Hybrid System for Incineration and Vitrification. Thus, 
treatment of different simulated organic waste has been tested on this inactive prototype by Lemont et al. (2010). 
Another solution consists in adding oxidizing or reducing agents during the melting of the glass as explained by 
Muller-Simon et al. (1991). An appropriate choice of the physicochemical form of raw materials that are necessary 
to make the glass can also give them an oxidizing or reducing power as nitrates, sulphates, sulphur, oxides , coke... 
In this way, within the framework of waste vitrification, special glass frit additives containing multivalent species 
have been developed. Multivalent species contained in this “redox power glass frit” are reduced or oxidized 
according to the considered application. Once in the furnace, the multivalent elements contained in the “redox power 
glass frit” react with elements coming from the waste stream and oxidation and reduction reactions are performed in 
the glass melt until a globally optimised redox state of the glass is reached. The use of “redox power glass frit” 
permits the control of redox with no additional supply of materials compared to a vitrification process in which 
additives are introduced as glass frit. The use of “redox power glass frit” means the addition of a sufficient quantity 
of one or several multivalent elements in glass. These additions slightly modify the final composition of glass and 
can possibly modify the properties of glass. The choice and quantity of multivalent element added to the glass frit is 
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firstly based on thermodynamic data. These thermodynamic data concern equilibrium of redox couple in nuclear 
glass melt. They have been the subject of several previous publications by Pinet et al. (2000, 2006, 2009). 
Nevertheless secondary oxidation and reduction reactions involving surrounding gas can shift the final redox 
equilibrium. These reactions are limited by kinetics depending on the size of the glass frit, and flow rate of gas.  
In this regard, tests have been performed at the lab-scale to define a technique for controlling redox of 
borosilicate glass melted in an in-can process. In such a process, the metal of the canister can act as a reductant. 
Thus, according to the type of metal of the canister and the melting duration, reduction of the melt may occur. In 
order to prevent this reduction, different amounts of Fe2O3 were added to the borosilicate glass simulating the waste 
containment glass under consideration. The glass used for the corrosion tests was borosilicate glass with Fe2O3
content varying from 3.6 up to 12.6 wt %. The glass contains mainly SiO2, B2O3, Na2O, Li2O, CaO, Al2O3, Fe2O3
and a small amount of ZnO and SO3. This glass is inactive glass. The viscosity of this glass at 1100 °C is around 
40 dPa.s. Initial value of log(fO2) at 1200°C is between -1 and 0. These tests consist in static immersion tests in 
which 400 g of crushed glass were introduced in a metallic crucible and then melted at 1100 °C under air 
atmosphere in an electrical resistance heated furnace for 8 h 30 for short lasting tests or 96 h for long lasting tests. 
The crucible was 100 mm in diameter, 150 mm in height, 3 mm thick and the glass melt height was about 20 mm. 
Metals tested are 310S alloy and inconel 601. Oxygen fugacity measurements after corrosion tests showed that the 
glass is reduced (fO2 around 10-8 atm.) if the initial iron oxide glass content is lower than 3.8 wt %. At the same time, 
it appears that the glass remains in an oxidized state (fO2 ≥ 10-2 atm.) if the initial iron oxide glass content is higher 
than 4.7 wt %. These results do not differ according to the two durations and the two type of metals tested. These 
results are in good agreement with those obtained on a pilot scale in figure 1. 
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Figure 1: Plot of oxygen fugacity at 1100°C after corrosion tests versus initial iron oxide content (wt %) of the glass 
melt by Hugon et al. (2010). 
In accordance with the same principles, the efficiency of a reduced glass frit has also been tested favourably in 
order to avoid foaming in glass melt due to their too high level of oxidation as explained by Pinet et al. (2005). 
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As explained previously, the redox state of glass melt depends mainly on its oxygen fugacity. Considering 
thermodynamic equilibrium between glass melt and surrounding gas, the oxygen fugacity in glass melt and partial 
oxygen pressure in gas surrounding glass melt should evolve toward the same value. Generally kinetic phenomena 
drastically limit this equilibrium because the ratio between the total mass of the glass melt and its interface with gas 
is too low considering the diffusion of redox carrier elements in glass melt as described by Magnien et al. (2008). 
Results obtained by Cochain et al. (2009) estimate redox diffusivity of borosilicate glass at melt temperature is 
around 10-10 m2.s-1. It means that in case of diffusion controlled redox kinetics, it takes hours to oxidized or reduced 
a layer of glass of few millimeters thick. This value is consistent with previous results published by Shreiber et al. 
(1986). As previously mentioned, surrounding gas generally does not predominantly impact redox equilibrium of 
glass. Nevertheless, it is still possible to markedly modify the redox state of glass by bubbling gas into the glass melt 
at a sufficient flow rate with an appropriate oxygen pressure. Several experiments carried out at the CEA Marcoule 
have brought to light the possible effect of gas bubbling. The following experiment performed on a lab scale 
highlights this phenomenon. In this case, 800 grams of non radioactive simulated glass was remelted in a rhodium-
platinum crucible heated by joule effect at 1200°C in air (figure 2). The initial oxygen fugacity of the glass melt at 
1200°C, fO2, is 0.55 atm. The oxygen fugacity is almost not changed even after having remelted the glass at 1200°C 
for 5 hours without any bubbling of gas. A bubbling flow rate of around 40 NL/h of argon leads to a decrease of the 
oxygen fugacity of glass according to time. After 2 hours of such bubbling, the oxygen fugacity seems to be 
stabilized at a value of about 0.04 atm. The glass is then slightly reduced. A bubbling of air for two hours at the same 
flow rate in such reduced glass leads to a reoxidation of this glass. After two hours of bubbling with air, the oxygen 
fugacity measured at the melting temperature, i.e. 1200°C, is 0.14 atm., which is close to the oxygen partial pressure 
in air. 
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Figure 2: Change in the redox state of glass according to bubbling of gas – case of 800 g of simulated nuclear glass 
melted at 1200°C. 
5. Conclusion 
Controlling of redox of nuclear glass may often have advantages. In the present process, redox of nuclear glass is 
roughly controlled by the oxidation of the waste one stage before vitrification. In certain cases a more accurate 
control of redox may be worthwhile. New techniques from those implemented in the glass-making industry need to 
be developed to control the redox state of glass in vitrification for nuclear waste containment. The constraints in 
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term of reliability and additional supply are more severe. Multivalent elements should be added to the melt in order 
to control the redox of glass. This is one of the preferred techniques to control the redox of glass but gas bubbling 
optimization could also work. The determination of parameters concerning the nature and the quantity of additives 
necessary for controlling the redox state of nuclear glass is based both on thermal and kinetic data. 
References 
Muller-Simon H., Mergler K.W., Schaeffer H.A., 1991. Redox control in industrial glass melting by means of zirconia based sensors. 1st 
Conference of the European Society of glass Science and Technology, Sheffield, p.148-152. 
Pinet O., Cachia J.N., Schuller S., Deschanel X., 2005 Optimizing the redox state of nuclear containment glass to enhance the process and 
material performance. Global 2005, Tsukuba, paper 012. 
Pinet O., Phalippou J., Di Nardo C., 2006. Modeling the redox equilibrium of the Ce4+/Ce3+ couple in silicate glass by voltammetry, Journal of 
Non-Crystalline Solids, 352,  5382-5390. 
Schreiber H.D., 1987. An electrochemical series of redox couples in silicate melts: A review and applications to geochemistry, Journal of Geophysical 
Research, 92, N° B9, 9225-9232. 
Baucke F., 1991. High-temperature sensors for oxidic glass-forming melts, Sensors, 1155-1180. 
Claes P. and J. Gilbert J., 1985. Électrochimie dans les borates et les silicates fondus, Rivista della Staz. Sper. Vetro, 5. 
Duffy J.A., Ingram M.D., 1976. An interpretation of glass chemistry in terms of the optical basicity concept, Journal. of Non-Crystalline Solids, 
21, 373-410. 
Baucke F., Duffy J.A., 1994. Oxidation state of metal ions in glass melts, Physics and Chemistry of Glasses, 35 (1), 17-21.  
Abdelouhab S., Podor R., Rapin C., Toplis M.J., Berthod P., Vilasi M., 2008. Determination of  Na2O activities in silicate melts by EMF 
measurements, Journal of Non Crystalline Solids, 354 (26), 3001-3011. 
Duffy J.A., 1996. Optical basicity: a practical acid-base theory for oxides and oxianions, Journal of Chemical Education, 73 (12), 1138-1142. 
Lemont F., Charvin P., Russello A., Poizot K., 2010. An innovative hybrid process involving plasma in a cold crucible melter devoted to the 
future intermediate level waste treatment: The SHIVA technology, 5th Forum on New Materials Part, Montecatini, 148-157.
Pinet O., Di Nardo C., 2000. Characteristic oxygen fugacity of redox couples in glass applied to the analysis of the redox state of glass melts - 
Processing and Characterization of Electrochemical Materials and Device - Ceramic Transaction, 109, 357-376. 
O. Pinet O., Mure S., 2009. Redox - Behavior of platinum-group metals in nuclear glass, Journal of Non-Crystalline Solids, 355 (3), 221-227. 
Hugon I., Gruber P., Pinet O., 2009. Effect of the iron oxide glass content on high temperature metal corrosion for nuclear waste glass melter, 
Eurocorr 09, Nice.
Magnien V., Neuville D.R., Cormier L., Roux J, Hazemann J.L., de Ligny D., Pascarelli S., Vickridge I., Pinet O.,   Richet P., 2008.Kinetics and 
mechanisms of iron redox reactions in silicate melts: the effect of alkali cations -Geochimica. et Cosmochimica Acta, 72 (8), 2157-2168. 
Cochain B., 2009. Cinétiques et mécanismes d'oxydoréduction dans les silicates fondus – Thèse de l’université Pierre et Marie Curie – Paris VI 
Schreiber H.D., Kozak S.J., Merkel R.C., Balazs G.B., Jones P.W., 1986. Redox Equilibria and Kinetics of Iron in a Borosilicate Forming Melt, 
Journal. of Non Crystalline Solids, 84, 186-195. 
